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ABSTRACT 

Instream flows for protecting steelhead (Oncorhynchus mykiss) passage through depth 
sensitive natural, low gradient, alluvial critical riffle sites were evaluated in the Big Sur 
River, California from 2009 - 2012. Flows were evaluated using the California 
Department of Fish and Wildlife critical riffle analysis protocol and the River 2D two-
dimensional hydraulic and habitat model along with quantitative passage metrics and 
species- and lifestage-specific depth criteria. Flows identified for protecting passage and 
habitat connectivity at critical riffle sites between lagoon and lower river habitats were 
18 cfs, 32 cfs, and 75 cfs for young-of-year, juvenile, and adult steelhead, respectively. 
A strong relationship (r2 = 0.93) was observed between flow requirements identified by 
each method. Flow requirements were spatially and temporally consistent at critical 
riffles between the upper river and lagoon for adult steelhead, and generally indicative 
of a river system in equilibrium with a naturally variable flow regime, and associated 
intact ecological processes. An analysis of over twenty-five years of continuous flow 
data records indicated sufficient flows at critical riffle locations for young-of-year and 
juvenile steelhead were produced between 37% and 100% and between 1% and 95% 
of the time, respectively. The months of September and October were the most 
challenging months to obtain natural flows to meet young-of-year and juvenile passage 
and habitat connectivity flows. Flows identified for adult steelhead passage were 
produced naturally between 52% and 74% of the time during the core adult migratory 
period of January through April. Naturally produced flows for adult steelhead migration 
were less reliable at the beginning and end of the migration season with flow criteria 
being met 3% and 30% for November and May, respectively. Careful consideration of 
seasonal and interannual flow variability dynamics, therefore, are critical components of 
an effective flow management strategy for the maintenance and protection of passage 
and habitat connectivity flows between lagoon and upriver habitats, and are essential 
for the survival and longevity of steelhead in the Big Sur River and other coastal 
California streams. 
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FOREWORD 

California's south-central coast steelhead (Oncorhynchus mykiss) populations have 
declined from about 25,000 spawning adults per year to fewer than 500 (NMFS 2007). 
Consequently, the south-central steelhead Distinct Population Segment (DPS) was 
listed as threatened in 1997 (NMFS 1997) and reaffirmed in 2006 (NMFS 2006).  The 
National Marine Fisheries Service (NMFS) later issued the results of a five-year review 
and concluded that south-central steelhead should remain listed as threatened (NMFS 
2011). All of the watersheds in the south-central coast DPS are impacted by a variety of 
anthropogenic stressors, but the most frequent source of threat stems from water 
management activities, such as diversions (Monterey County 1986; NMFS 2008). 
 
The Big Sur River is identified on the California Department of Fish and Wildlifeôs 
(CDFWôs) priority rivers and streams list (CDFW 2008) because it is a south-central 
steelhead stronghold (Wild Salmon Center 2010) and information is needed to 
determine stream flow requirements for protecting this resource. CDFWôs policy is that 
the federal Instream Flow Incremental Methodology (IFIM) will be used to evaluate and 
develop instream flow requirements. The Public Resources Code (PRC) §10000-10005 
outlines CDFWôs responsibilities for developing and transmitting flow recommendations 
for priority streams to the State Water Resources Control Board (State Water Board) for 
consideration as set forth in 1257.5 of the Water Code. The results from this study 
component of an overall IFIM on the Big Sur River are intended to be used, along with 
other supporting information and data, to identify stream flow requirements for the Big 
Sur River pursuant to CDFWôs PRC mandate. 
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INTRODUCTION 

Stream flow is the dominant driver of connectivity between aquatic organisms and their 
riverine habitats (Wiens 2002). Loss of connectivity affects the flow of nutrients, energy, 
materials, and movement and viability of biota in the aquatic ecosystem (Freeman et al. 
2007). Naturally occurring low stream flows combined with surface-water withdrawal for 
anthropogenic uses can interrupt riverine connectivity and movement opportunities for 
anadromous salmonids (Spina et al. 2006). Titus et al. (2010) attributed significant 
declines in the steelhead (Oncorhynchus mykiss) population of a California coastal river 
to surface water withdrawals and low stream flows, which resulted in blockage of their 
migration to historical spawning and rearing habitats.  
 
Water depth becomes the primary variable for evaluating fish passage opportunities and 
riverine habitat connectivity during low stream flow conditions in low gradient alluvial 
river channels (Thompson 1972; Mosley 1982). Low flow conditions at depth-sensitive 
critical riffles (i.e., shallow riffles which are particularly sensitive to changes in stream 
flow due to shallow water) may impede critical life history tactics of anadromous 
salmonids as well as disrupting the hydrologic connectivity of natural river habitats. 
Thompson (1972) is a procedure developed by the Oregon Department of Fish and 
Wildlife (ODFW) specifically for identifying stream flow requirements needed for 
passage of migrating salmonids through depth-sensitive critical riffles (Bjornn and 
Reiser 1991; Reiser et al. 2006).  
 
The California Department of Fish and Wildlife (CDFW) developed a critical riffle 
analysis procedure (CDFW 2012) based upon Thompson (1972) to evaluate and 
identify stream flows needed to protect anadromous salmonid passage and overall 
riverine habitat connectivity in California streams and rivers. The evaluation procedure 
draws from the Thompson (1972) methodology in procedural scope with the application 
of regional species- and lifestage-specific criteria relevant to California salmonids. 
Pursuant to CDFW (2012) methodology, a passage transect is deemed passable when 
a combination of minimum stream flow depths and wetted widths are greater than 
conditions specified by two evaluation metrics: the percentage of the total transect 
metric, and the contiguous percentage of the transect metric. 
 
Thompson (1972) describes the procedure and passage metrics as follows: 
 
ñéshallow bars most critical to passage of adult fish are located and a linear transect 
marked which follows the shallowest course from bank to bank. At each of several 
flows, the total width and longest contiguous portion of the transect meeting minimum 
depth ... criteria are measured. For each transect, the flow is selected that meets the 
criteria on at least 25% of the total transect width and a continuous portion equaling at 
least 10% of its total width....ò 
 
The purpose of the Thompson (1972) methodology and associated transect width 
metrics is to provide flow conditions for physical movement of salmonids through critical 
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riffle locations. While Thompson (1972) cautions that the relationship between flow 
conditions on the transect and the relative ability of a fish to pass have not been 
evaluated,  the methodology is based upon over a decade of extensive field 
observations spanning all 18 drainages of Oregon by ODFW, including several hundred 
of the most important salmonid streams in the State (Thompson 1972). Thompson 
(1972), however, cautions that the purpose of the methodology is not to determine flows 
generally believed necessary to induce migration. 
 
Mosley (1982) observed salmonids moving upstream in water shallower than the 
Thompson (1972) depth criteria but noted that they may suffer abrasion and loss of 
spawning condition. Ideally, there should be sufficient clearance underneath the fish so 
that contact with the streambed and abrasion are minimized. Other factors that are 
important for consideration when evaluating fish passage and habitat connectivity is 
consideration of length of the riffle, distance of travel, physiological condition of the fish, 
water temperature, and availability of resting areas (Mosley 1982). 
 
Traditional site-specific linear or straight-transect based methods such as one-
dimensional (1D) physical habitat simulation (PHABSIM) (Bovee, 1997) may not be well 
suited to examining aquatic habitat connectivity at long complex critical riffle sites such 
as those that are common among Californiaôs coastal streams and rivers. As such 
straight linear bank-to-bank transects may not present a realistic assessment of 
longitudinal habitat connectivity because the lateral based transects, typically identified 
perpendicular to flow from bank to bank, may not capture all the depth sensitive portions 
of a critical riffle as a migrating fish would encounter. As a result, straight-transect 
methods such as those employed in a PHABSIM analyses may not protect salmonid 
passage through complex depth sensitive critical riffle sites. In addition, critical riffles 
often have characteristics, such as significant cross-channel variation in water surface 
elevation, that violate assumptions of PHABSIM. Conversely, delineation of stream 
assessment transects following the shallowest course from bank to bank (CDFW 2012) 
provides for an empirical site-specific assessment of habitat connectivity and passable 
stream flow depths such as a migrating salmonid would encounter.  
 
Two dimensional (2D) physical habitat simulation methodology has a demonstrated 
utility over straight-transect methodologies such as PHABSIM for assessing water depth 
and flow relationships throughout complex riverine sites (Gard 2009a; Ghanem et al. 
1995; Ghanem et al. 1996; Leclerc et al. 1995). While hydraulic habitat models 
generally allow for modeling predictions of physical microhabitat changes associated 
with flow alterations (Stalnaker et al. 1995), 2D models are better suited to model 
stream flow depths through a contiguous reach more accurately than the 1D hydraulic 
habitat models because the 2D models avoid problems of the transect placement. In 
addition, since the data for 2D analysis are collected uniformly across and throughout 
the entire site, as opposed to on straight 1D transects, the 2D models allow for 
assessment of contiguous pathways of appropriate depths and widths needed for 
associated aquatic habitat connectivity throughout a complex site. With detailed 
bathymetry data, the model scale is small enough to correspond to the scale of 
microhabitat use data with contiguous depths produced on a continuous basis. 
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Selection of appropriate methods for an instream flow assessment is a fundamental 
step of the Instream Flow Incremental Methodology (IFIM; Bovee et al. 1998). Annear et 
al. (2004) recommends that IFIM, and instream flow evaluations in general, include 
broad consideration of the structure and function of riverine systems, while also 
providing cogitation and examination of five core components (i.e., hydrology, biology, 
geomorphology, water quality, and connectivity) of the riverine system. While the most 
commonly applied components of the IFIM process are the hydrology and the biology 
components (Dunbar et al. 1998), aquatic habitat connectivity is an equally important, 
and often overlooked (Fullerton et al. 2010), component which is especially important in 
California coastal salmonid streams.  
 
The goal of this study was to evaluate flows for protecting steelhead passage and 
connectivity of riverine and lagoon habitats through critical riffle habitats in the Big Sur 
River, Monterey County. Site-specific flows are needed for steelhead lifestages 
including young-of-year (YOY) juveniles, 1 ï 2 year-old juveniles, and migrating 
spawning adults. Objectives of this study include to 1) use the California critical riffle 
assessment procedure (CDFW 2012) and the River 2D model (Steffler and Blackburn 
2002) methodologies for evaluating flows for protecting passage and habitat 
connectivity flows at critical riffle sites in the Big Sur River using the Thompson passage 
criteria metrics and compare the results between the two methodologies; and 2) 
examine the spatial and temporal variability of the flows identified for protecting passage 
and habitat connectivity for steelhead lifestages in the Big Sur River. Monterey County 
(1986) identifies the Thompson (1972) methodology and associated passage criteria as 
necessary for determining instream flows for steelhead passage in the lower Big Sur 
River. 
 

DESCRIPTION OF STUDY AREA 

The Big Sur River is located in southern Monterey County (Figure 1). It originates in the 
steep canyons of California's Ventana Wilderness within the Los Padres National Forest 
and flows northwesterly through federal and private lands, two state parks (Pfeiffer Big 
Sur and Andrew Molera), and a small lagoon before joining the Pacific Ocean about 2.8 
miles (4.5 km) southeast of Point Sur.  Significant tributaries include Pfeiffer-Redwood 
Creek, Juan Higuera Creek, Post Creek and Pheneger Creek. The Big Sur River has a 
watershed of approximately 60 square miles (150 km²) with no major dams, diversions, 
or reservoirs. However, only the lower 7.5 miles of the river (lower Big Sur River) are 
accessible to anadromous steelhead for migration, spawning, and rearing. Upstream 
fish migration is generally thought to be prevented by a partial or complete bedrock 
barrier, depending on stream flow conditions (Figure 2). 
 
The hydrology of the Big Sur River is typical of many coastal California rivers. It 
experiences high winter flows, low summer flows, and variable annual discharges. Most 
of the annual flow occurs in the winter with stream discharge reflecting local and 
watershed-wide rainfall patterns. Flows in winter may rise and recede rapidly in 
association with rainfall events, while flows in the summer tend to be more stable and 
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predictable as they recede into the fall months. The Big Sur River is a free-flowing river, 
with no dams or on-stream reservoirs. 
 
There are two U.S. Geological Survey (USGS) stream flow gages on the Big Sur River. 
USGS gage 11143000 is located in Pfeiffer State Park, and is upstream of all known 
diversions (Figure 1). It does not reflect accretion of flow from several lower river 
tributaries including Post, Pfeiffer-Redwood, Juan Higuera, and Pheneger creeks. 
USGS gage 11143000 has recorded flow data for the Big Sur River from March 1950 to 
the present. USGS gage 11143010 is located approximately six river miles downstream 
of USGS gage 11143000 in Molera State Park, and has been in operation since 
October 2010. USGS gage 11143010 is located downstream of all river tributaries and 
most diversions.  
 
Fishery Resource 
The Big Sur River is home to approximately 5 native species of freshwater fishes, 
including the anadromous steelhead (Table 1). There do not appear to be any 
introduced freshwater fishes in the study area. Steelhead use the study area year-round 
for migration, spawning, incubation, rearing, and/or emigration. 
 
Table 1. Fish species occurring in the Big Sur River. 

 

Scientific Name Common Name 

Lampetra tridentata Pacific Lamprey 

Oncorhynchus mykiss Steelhead 

Cottus asper Prickly Sculpin 

Cottus aleuticus Coast Range Sculpin 

Gasterosteus aculeatus Threespine Stickleback 

 
Steelhead are an anadromous member of the salmonid family, spending their adult life 
in the ocean and returning to freshwater to spawn (Shapovalov and Taft 1954; Quinn 
2005). In the Big Sur River, steelhead return to the river as spawning adults between 
November and May (Table 2). Steelhead spawn in gravel areas throughout the river 
between the lagoon and the impassable bedrock barrier in the gorge area of Pfeiffer 
State Park. Spawning generally occurs at the tail of pools or head of riffles, where water 
depth, velocity, and substrate composition are favorable. Eggs are deposited in redds or 
nests excavated by the females, then covered with gravel. The eggs generally hatch 
between 80 and 120 days, depending on water temperature.  
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Figure 1. Lower Big Sur River watershed.  
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Figure 2. Photo of natural bedrock barrier and upstream end of steelhead anadromy in 
Big Sur River Gorge near Pfeiffer State Park. 
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Table 2. Life stage periodicity for south-central steelhead in the Big Sur River. 
 
 Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Adult 
Migration 

            

 
Spawning 

            

 
Egg Incubation 

            

 
Emergence/Fry 

            

Juvenile 
Rearing 

            

Smolt 
Emigration 

            

 
The newly hatched steelhead fry remain in the gravel until the yolk-sac is absorbed. 
Upon emerging from the gravels fry (approximately 1.5-4 cm fork length (FL)) typically 
move into nearby shallow slow-water habitats to feed and grow until making the 
transition to YOY juvenile fish (approximately 6-9 cm FL). As they grow young steelhead 
typically seek deeper water and faster velocities. Young steelhead may emigrate to the 
ocean as YOY, or remain in the freshwater river for a year or longer before emigrating 
to the ocean. Young steelhead generally reach 5.5-6 inches (14-15 cm FL) or larger 
before smolting, a physiological change which prepares the fish for migrating to, and life 
in, the ocean.  
 

METHODS 

Identification of Critical Riffle Sites and Sampling Strategy 

Twenty critical riffle sample sites were identified by surveying the entire length of the Big 
Sur River available for spawning from the lagoon mouth in Molera State Park upstream 
through Pfeiffer State Park. Depth profile surveys were conducted at each site and the 
data from each site were compared to river flow at time of measurement using either 
flow data obtained from USGS gage 11143000, USGS gage 11143010, or by 
measuring flow onsite. Onsite discharge measurements were made following 
procedures of Rantz (1982). Depth profile surveys were conducted during summer of 
2009 to identify critical riffles in the lower 1.5 miles of stream. Riffle surveys in 2010 
were expanded to include the rest of the Big Sur River. Out of the twenty critical riffles 
sites surveyed, the four most depth-sensitive critical riffles sites in the river were 
identified based upon the survey data. These sites occur in the lagoon, lower river, 
middle river, and upper river areas of the river and reflect the four most flow- and depth-
sensitive critical riffle sites throughout the entire anadromous portion of the Big Sur 
River (Figure 3).   
 
The lagoon site is located approximately 0.33 mile upstream from the river mouth. It is 
at the transition from the lagoon to the lower river (Figure 4), and consists of a critical 
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riffle complex with four separate riffles (i.e., riffles A, B, C, and D). Riffle A is the longest 
riffle at 90 ft in length. The critical riffle analysis protocol and a 2D model were 
conducted at the lagoon site (Table 3). Discharge for the lagoon site was measured 
onsite and/or taken from USGS gage 11143010 which is located approximately 0.5 mile 
upstream of the lagoon site. 
 
The lower river site is located approximately 0.50 mile upstream from the river mouth. 
This riffle is 152-ft long and had a critical riffle analysis done in 2009. A 2D model was 
also developed at this riffle in 2009, and again in 2011 to assess temporal variability 
(Table 3). Discharge for the lower river site was measured onsite, and/or taken from 
USGS gage 11143010 located approximately 0.33 mile upstream of this riffle. The 
middle river site is located 1.79 miles upstream from the river mouth and consists of a 
47-ft. long critical riffle. A critical riffle analysis was conducted at this site in 2011. 
Discharge for the middle river site was taken from USGS gage 11143010 located 
approximately 1.0 mile downstream. The upper river site is located 3.38 miles upstream 
from the river mouth and consists of a 256-ft. long critical riffle. A critical riffle analysis 
was conducted at the upper river site in 2011. Discharge for the upper river site was 
measured onsite. 
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Figure 3. Map of critical riffle sampling sites in lower Big Sur River. 


















































































































































